Abstract. Identifying viral isolates from field-collected mosquitoes can be difficult and time-consuming, particularly in regions of the world where numerous closely related viruses are co-circulating (e.g., the Amazon Basin region of Peru). The use of molecular techniques may provide rapid and efficient methods for identifying these viruses in the laboratory. Therefore, we determined the complete nucleotide sequence of two South American eastern equine encephalomyelitis viruses (EEEVs): one member from the Peru-Brazil (Lineage II) clade and one member from the Argentina-Panama (Lineage III) clade. In addition, we determined the nucleotide sequence for the nonstructural P3 protein (nsP3) and envelope 2 (E2) protein genes of 36 additional isolates of EEEV from mosquitoes captured in Peru between 1996 and 2001. The 38 isolates were evenly distributed between lineages II and III virus groupings. However, analysis of the nsP3 gene for lineage III strongly suggested that the 19 isolates from this lineage could be divided into two sub-clades, designated as lineages III and IIIA. Compared with North American EEEV (lineage I, GA97 strain), we found that the length of the nsP3 gene was shorter in the strains isolated from South America. A total of 60 nucleotides was deleted in lineage II, 69 in lineage III, and 72 in lineage IIIA. On the basis of the sequences we determined for South American EEEVs and those for other viruses detected in the same area, we developed a series of primers for characterizing these viruses.
INTRODUCTION
Identifying arthropod-borne viruses present in fieldcollected specimens can be problematic and may require extensive amounts of time, particularly when the samples are from regions of the world where diverse assortments of arthropods and viruses co-circulate (e.g., the Amazon Basin region of Peru in South America). For traditional virus identification, antibody must be prepared against the new virus isolate and then that virus and antibody combination must be tested against other known, closely related viruses and antibody preparations to determine the relative relationship of the new virus isolate with the known viruses and antibodies used in the detection-characterization assay. Not only is this time-consuming and expensive, but if the actual virus is not included in the characterization assay, then the virus isolate might mistakenly be declared a new virus (e.g., Zinga is really Rift Valley fever virus). 1 The advent of molecular diagnostic tools has allowed the development of rapid and specific assays for numerous viruses across many virus families. Once a virus has been isolated and generically characterized by using a broadly cross-reactive test (e.g., an immunofluorescence assay [IFA] using polyclonal sera), a series of polymerase chain reaction (PCR) primers can be designed and used to confirm the identity of the virus. In many cases, the sequence determined from the PCR amplicon can be used for determining the genetic relationship of the new virus isolate with other viruses isolated from the same region or from different regions of the world. This in turn may provide clues as to virus maintenance mechanisms and the sources of virus infections in the local population.
During our examination of more than 160 virus isolates from the Amazon Basin region of Peru, 2 we developed an approach that allowed us to rapidly identify members of the Alphavirus and Flavivirus genera and to obtain sequence information that allowed us to compare directly the relationship between these viruses and to other viruses isolated in the same region. Over the five years of the study, eastern equine encephalomyelitis virus (EEEV) was the most commonly isolated virus. Infection with EEEV in either humans or equines can result in a serious, often fatal disease 3 and is an important public health concern in North and South America. Although EEEV is transmitted by mosquitoes in North America (primarily east of the Mississippi River) and in South America, the strains of virus circulating in these two regions differ significantly. 4 Eastern equine encephalomyelitis virus can be separated into four subtypes, based on genetic information. 4, 5 These include one subtype found in North America, Lineage I (isolates from North America), and three subtypes found in South America, Lineage II (Brazil-Peru) (isolates found in Brazil, Guatemala, and Peru), Lineage III (ArgentinaPanama) (isolates found in Argentina, Brazil, Colombia, Ecuador, Guiana, Panama, Peru, Trinidad, and Venezuela), and Lineage IV (a single isolate from Brazil). 5 This report will examine the genetic relationship of 38 isolates of EEEV made from mosquitoes captured in the Amazon Basin region of Peru from 1996 until 2001 and will compare these results with published data for other South American isolates of EEEV.
METHODS
Virus isolation and identification. Table 1 lists the South America EEEV isolates that were identified and for which the sequences of the nonstructural protein 3 (nsP3) and envelope 2 (E2) genes were determined. Viruses were isolated from mosquitoes collected at several sites near Iquitos, Loreto Department, in the Amazon Basin in northeastern Peru. Iquitos (population approximately 300,000) is approximately 125 meters above sea level and is bordered by the Amazon, Itaya, and Nanay Rivers (3°51ЈS, 73°13ЈW). Meth-ods for mosquito collection, virus isolation, and initial identification were as previously described. 2 Briefly, mosquitoes were captured in dry ice-baited miniature light traps (John W. Hock Co., Gainesville, FL), sorted to species, placed in pools, and frozen at −70°C until tested for infectious virus by plaque assay on Vero (African green monkey kidney) cells. Viruses that grew rapidly and produced plaques by day 2 were broadly categorized as alphaviruses (however, this group also included some of the more rapidly growing bunyaviruses), and viruses that grew more slowly and produced plaques by day 5 were broadly categorized as flaviviruses (however, this group also included some of the more slowly growing bunyaviruses). Viruses were amplified in Vero cell cultures and were initially screened by IFA for reactivity against Alphavirus and Flavivirus genus-specific monoclonal antibodies (U.S. Army Medical Research Institute of Infectious Diseases, Fort Detrick, MD). Follow-up IFA tests were performed using available antisera to complex or virus-specific members according to standard procedures. 6 Based on these results, the identification of viral isolates as members of the genera Flavivirus and Alphavirus was confirmed by reverse transcription-PCR (RT-PCR) and sequencing of the PCR amplicons.
RNA extraction and PCR amplification. Viral RNA was isolated from virus-infected cell culture supernatant using TRIzol-LS Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. The viral RNA was converted into cDNA using SuperScript™ II and primed with either oligo-dT or with random hexamers according to the manufacturer's instructions (Invitrogen). These cDNAs served as templates in subsequent PCRs containing virus-specific oligonucleotide primers ( Table 2 ). The PCR amplifications were typically conducted in a PerkinElmer 2400 thermocycler (PerkinElmer Life and Analytical Sciences, Inc. Boston, MA,) in a total volume of 36 L that contained 30 L of high-fidelity PCR supermix (Invitrogen), 100 ng of cDNA template, and 50 pmol of each primer. The PCR amplicons were purified by using a QIAquick PCR purification kit (Qiagen, Valencia, CA) and 8 L of the purified amplicon was added directly to the sequencing reaction.
To confirm the preliminary IFA identifications, cDNAs were tested by PCR using Alphavirus or Flavivirus genusspecific primers (Table 2 ) and then tested in a separate PCR assay using South American EEEV-specific primers (Table  2) . To further characterize the EEEV isolates, we PCRamplified the entire nsP3 and E2 genes, using gene-specific primers ( Table 2 ) that were based on the complete genome sequence of individual Brazil-Peru (Lineage II) and Argentina-Panama (Lineage III) South American EEEV published in GenBank. Most of the nsP3 amplicons were obtained using the primers nsP2F and nsP4R. The nsP3 amplicons for the remaining isolates were obtained using either primers nsP2A-F or nsP2B-F paired with primer nsP4B-R, or primers nsP2B-F or nsP2F paired with primer nsP4A-R. Primers CAP-AF and E1A-R or CAP-BF and E1B-R were used to amplify the E2 gene. Sequence analysis. Sequencing was performed with Big Dye™ (Applied Biosystem, Inc., Foster City, CA) reagents according to the manufacturer's instructions on an Applied Biosystems 3100 ABI PRISM automated DNA sequencer (Applied Biosystems) and the sequence data were analyzed by the programs contained in the Lasergene suite of programs (Lasergene analysis software; DNASTAR, Inc., Madison, WI). Consensus sequences were determined by the SeqMan program (DNASTAR, Inc.). Alignment analysis of the consensus sequences were performed with the MegaAlign program (DNASTAR) using the default settings (gap penalty ‫ס‬ 15, gap length penalty ‫ס‬ 6.66, delay divergent sequences ‫ס‬ % 30, DNA transition weight ‫ס‬ 0.50, and DNA matrix ClustalW) of the Clustal W method. 7 The current version of Clustal W both aligns the sequences and also produces phylogenetic trees by the neighbor-joining method with the Kimura twoparameter distance formula as the default setting. 8, 9 In addition, we used the Clustal W program to calculate bootstrap values with a default setting of 1,000 trials (iterations) and a seed value of 111. To reduce clutter in the figures, we only present bootstrap values Ն 75 at the respective nodes. If bootstrap values were < 75, no value was indicated.
RESULTS
Using a two-step procedure, IFA and/or plaquing behavior to make a preliminary group identification, followed by RT-PCR with specific primers, we were able to identify rapidly > 75 of the virus isolations made from mosquitoes captured in the Amazon Basin region of Peru. These included members of the genus Alphavirus (EEE, Una, Venezuelan equine encephalomyelitis, and western equine encephalomyelitis [WEE] viruses) and the genus Flavivirus (Ilheus and St. Louis encephalitis viruses). 2 The genus-and virus-specific primers used are listed in Table 2 . The genus-specific primers detected various members of that genus, but not members of other genera, and the EEEV primers detected South American EEEV.
The isolation of EEEV from 37 pools of mosquitoes and one hamster collected during this five-year study allowed us to examine the diversity of EEEV strains circulating in this region. Interestingly, 33 of the 37 EEEV isolations from mosquitoes were made from Culex (Melanoconion) pedroi. In addition, this species is a competent laboratory vector of EEEV (Turell MJ, unpublished data), indicating that this species is the principal vector of EEEV in this region of Peru. Phylogenetic analysis of the 38 isolates showed that they equally represented lineage II and III viruses ( Table 1 ). The even distribution of the two lineages remained when the EEEV strains were compared by season; seven isolations from each lineage were made between August and September and 12 isolations from each lineage between December and February. Because mosquitoes infected with either a lineage II or III virus were co-captured in a single light trap on January 26, 1996 and on December 10, 1996, viruses in both clades were co-circulating in nature (Table 2) .
Phylogenetic relationships for both the nsP3 and E2 genes for lineage II and III are shown in Figures 1 and 2 . Evaluation of nsP3 and E2 lineage II genes showed a distinct group composed of six isolates (PE-4.0661, PE-10.0170, PE-11.0207, PE-18.1150, PE-22.0263, and PE-22.0678) (Figures 3A and 4A) . Although, the bootstrap values were only 51 (nsP3) and 24 (E2) for this group being distinct, the fact that these same six viruses formed a separate group based on both the nsP3 and E2 genes indicates that despite the low bootstrap values, the grouping may be real. The six isolates shared common nucleotide substitutions not found within the nsP3 and E2 genes of the other isolates. The nucleotide substitutions represented silent changes except at nucleotide position 9356 (genomic numbering) of isolate PE 3.0815, which resulted in a conservative change between valine and isoleucine. A single isolate, PE-24.0111, was distinct from all of the other isolates in both nsP3 and E2 analyses. Interestingly, PE-24.0111 and another clade II virus were isolated from mosquitoes caught in the same location on the same night ( Table 2 ), indicating that distinct strains were co-circulating.
Evaluation of the nsP3 and E2 genes from lineage III showed two discrete subclades based on both the nsP3 and E2 genes ( Figures 3B and 4B) . The seven isolates (PE-3.0391, PE-3.0803, PE-3.0869, PE-16.0050, PE-16.0140, PE-22.0110, and PE-22.0552) formed a distinct subclade within the nsP3 gene alignment of lineage III with the Clustal W program (bootstrap value ‫ס‬ 100). These seven isolates shared three unique characteristics in the nsP3 gene: 1) a deletion of three nucleotides at nucleotides 5299-5301 (PE-0.0155 genome numbering) that resulted in the deletion of a leucine residue; 2) a mutation at nucleotide 5296 resulting in either a proline or a serine; and 3) a mutation at nucleotide 5477 resulting in either a isoleucine or a threonine. All other shared nucleotide substitutions resulted in silent changes. Examination of the E2 gene from the seven nsP3-related isolates indicated that they also formed a separate subclade based on the E2 gene. However, this subclade was not as distinct (bootstrap ‫ס‬ 92) because they contained shared changes at only two positions, nucleotide 8920 and nucleotide 9124 (PE-0.0155 genome numbering), but only at nucleotide 9124 was there an amino acid change, between a glutamine and a histidine ( Figure 4B ). There were three additional changes, but these were not all shared and unique to the subclade. An additional four isolates (PE-1.0999, PE-5.0151, PE-5.0183, and PE-5.0519) in lineage III appeared to form a separate subclade, but in all cases, the shared nucleotide changes resulted in silent mutations in the nsP3 and E2 genes. Overall, 80-90% of the nucleotide changes resulted in silent substitutions, depending on the gene analyzed.
One characteristic shared by both lineage II and III viruses that differed from lineage I viruses (i.e., GA97) was the length of the nsP3 gene. A total of 60 nucleotides was deleted in lineage II, 69 nucleotides in lineage III, and 72 nucleotides in lineage IIIA (our designation) ( Table 3 ). The distribution of deletions was consistent among all isolates of a specific lineage relative to lineage I. In all cases, the deletions/ insertions-substitutions occurred near the 3Ј end of the nsP3 gene, after nucleotide 4999 (GA97 genome numbering). We compared the identity of the two viruses for which we sequenced the entire genome, PE-3.0815 (Lineage II), and PE-0.0155 (Lineage III) with each other and with that of a lineage I isolate (GA97). All three viruses are distinct, with no more than 81.8% identity on the entire genome or 82.1% and 67.5% identity on the E2 or nsP3 genes, respectively (Table 4) .
DISCUSSION
An arbovirology study conducted in the Amazon Basin region of Peru afforded us a unique opportunity to study the diversity of members of the genera Alphavirus. In particular, the multiple isolations of EEEV allowed us to examine the genomic diversity of these viruses and to compare their relationship with other known virus isolates made at different times and at different geographic locations.
The nsP3 and the E2 genes were selected for sequence and phylogenetic analysis for three reasons. First, sequencing a gene from both the non-structural and the structural regions allowed us to look for possible recombinant viruses, e.g., WEE-like viruses. 10 Although no recombinants were detected, it was possible to identify other unique features within each lineage for the genes selected. Second, the nsP3 gene was chosen because it is comprised of an N-terminal portion that is highly conserved among alphaviruses and a C-terminal portion that is not conserved and varies in both sequence and length. 11 It was a fortuitous choice because the analysis of the nsP3 gene for lineage III strongly suggested (bootstrap values ‫ס‬ 100) that the 19 isolations represented in the lineage could be divided into two subclades. And third, the E2 gene was selected because changes in the E2 glycoprotein could result in immunologic differences between the virus isolates. Analysis of the E2 gene also indicated that the lineage III viruses could be divided into the same two subclades (bootstrap values ‫ס‬ 85).
The results of the sequencing and phylogenetic analysis of the 38 EEEV isolations suggest that the Lineage II and III viruses co-circulate throughout the year in Peru. Members of both Lineages II and III were collected on the same night at the same study site on several occasions. 2, 12 The data also indicate that the distribution between Lineage II and III may vary within a narrow sampling period; more Lineage III virus isolations were obtained during February 1997 compared with more Lineage II virus isolations from February 2000. However, this difference may be an artifact of the relative small number of isolates made during each time period. The data suggest that the best representation of the presence of the two lineages within an area requires sampling throughout the year and over several years.
Because our EEEV isolations were conducted between 1996 and 2001, we were interested in understanding the relationship between these relatively new isolates and those collected during past studies from other regions of South America. To examine the relationship between the EEEV isolates, we conducted a phylogenetic analysis using the sequence data we determined for our virus isolations with those previously published. 5 To accomplish this, we identified and compared a 122-basepair fragment from the E2 gene of our isolates to a corresponding 122-basepair fragment from various South America EEEV published in GenBank.
5 Figure 5 shows a phylogenetic tree that represents the relationship of our current isolates with those analyzed by Brault and others 5 for lineage I, II, III, and IV viruses. One of the results from this comparison is that the samples isolated from Peru in 1970 (Lineage II) and 1975 (Lineage III) were nearly identical to the ones we collected from the same region of Peru, but more than 25 years later, and yet these sequences are distinct from the sequences obtained from viruses isolated from other geographic locations. This suggests, at least for this 122-basepair fragment, that the E2 gene is somewhat conserved in both lineages found in Peru. Our data suggest that because of the highly conserved nature of EEEV, determining additional sequence data for other regions of the E2 gene, outside the 122-basepair fragment, for the older isolates would enable a better phylogenetic comparison of the viruses. The data in this study also suggest that more than one gene or portion of a gene needs to be sequenced to demonstrate subtle differences in viral structure and thus evolutionary change. The best approach to researching virus evolution would be to sequence the complete genome. Despite the need to sequence more than this 122-basepair fragment, this fragment was able to distinguish between the four lineages and it might be useful in a real-time RT-PCR coupled with microarray technology to not only identify EEEV, but also identify the lineage. The phylogenetic analyses presented here establish a baseline for future work involving the characterization of EEEV isolated from other regions of South and Central America. In addition, the sequence data reported here for the nsP3 and E2 genes may help in understanding the enzootic and epizootic cycles observed for South American and North American EEEV.
